Based on the MSFR (Molten Salt Fast Reactor) reactor concept presented within the framework of the EVOL (Evaluation and Viability of Liquid Fuel Fast Reactor System, EU FP7) international research project preliminary threedimensional thermal-hydraulic analyses and the discussion of scaled experimental modelling will be presented.
Figure 1: General layout of the MSFR concept [3, 4]
Nominal thermal power of the MSFR concept is 3000 MW, nominal inlet temperature is 650 °C and outlet temperature is 750 °C. Main thermal parameters of the MSFR concept are summarised in Table 1 . The fuel-coolant molten salt composition is fluoride-based that includes 22.5% (mol%) actinide-fluorides of thorium, uranium, and/or other actinides. Physical properties of this composition are shown in Table 2 . These values and functions are used in our further analyses. Based on the thermal power, desired inlet and outlet temperatures, with the physical properties of the proposed molten salt taken into consideration general hydraulic properties of the MSFR core can be determined. Based on the core diameter flow in the core is highly turbulent, the Reynoldsnumber exceeds 1×10 6 (see Table 3 ). Based on the flow in the inlet nozzles, or considered as a jet flow, the flow is in the turbulent regime as the Reynolds-number is over 4.9×10 5 .
Core 
OPTIONS OF EXPERIMENTAL MODELLING OF MSFR Fluid Selection for Experimental Modelling
Objective of the planned experimental model is to investigate thermal-hydraulic behaviour of the MSFR core under laboratory conditions using the Particle Image Velocimetry (PIV) measurement system installed at the Institute of Nuclear Techniques, Budapest University of Technology an Economics [5] . For working fluid water applied between room temperature and a maximum of about 60 °C is considered. Experience with water and its application for PIV with the suitable seeding particles suggests its use for the experiments, however other substitute liquids cannot be excluded from future considerations.
In case of water Table 4 . shows the necessary flow rates at different temperatures considering the original MSFR geometry and Reynolds-number. One can see that in order to keep the nominal Reynolds-number very high flow rates would be needed even at higher temperatures (increased temperature reduces kinematic viscosity). In our investigation we discuss the possibility of reducing the size of the experimental model while maintaining the original Reynolds-number, and also investigate the application of lower Reynolds-numbers that are still in the fully turbulent regime, namely greater than 1-2×10 4 [6] . Scaled reactor models with water as working fluid Multiple different experimental systems are built and operated worldwide to investigate thermal-hydraulics behaviour of nuclear power reactors. The ROCOM test facility [7] is a scaled plexiglas model of the Konvoi type pressurized water reactor, and is used to simulate mixing processes in the primary loop and the reactor pressure vessel. The Vattenfall test facility is a model of a three-loop Westinghouse PWR and made of plexiglas as well, while the Gidropress test facility is made of metal [8] . All three are 1:5 scaled models of power reactors and use water at around 20°C, except for the Vattenfall test facility, which uses water at 53.6 °C in order to achieve lower water viscosity [9] . With these three models the Reynolds number in the reactor pressure vessel model sections is around 10 5 , which is two orders of magnitude lower than the nominal values at the nozzles or in the downcomer for the given power reactors (around 10 7 ). Purpose of these facilities is to experimentally investigate coolant mixing and to provide measurement data for validation of Computational Fluid Dynamics (CFD) codes and models.
In the frame of the Molten Salt Reactor Experiment (MSRE) programme at Oak Ridge National Laboratory during the design phase two mock-ups of the MSRE reactor were built for the investigations of coolant flow in the inlet region, in the downcomer and in the lower plenum [10] . The first was made of plastic, used water at 35 °C as working fluid and was scaled 1:5. This model was able to reproduce the Reynolds-number in the above mentioned regions of the MSRE reactor. The second mock-up was 1:1 scale and made of metal with plastic windows that allowed looking into the model. In case of this second model the Reynolds-number was not reproduced exactly but was high enough to be in the turbulent regime [11] . These examples suggest that geometrical scaling of the experimental model is plausible, and reduction of the Reynolds-number within a certain range can be acceptable if reproduction of the nominal value is not feasible.
CFD ANALYSES FOR THE SUPPORT OF EXPERIMENTAL MODELLING OF MSFR

Set of Analysed Cases
A set of preliminary CFD calculations were carried out in order to identify the possibilities of designing a scaled experimental model of the MSFR with the purpose of carrying out PIV measurements. For the calculations the ANSYS CFX 13 three-dimensional CFD code was used. Based on the design concept of MSFR the geometry and the volumetric mesh of the CFD model was generated. With this geometry and the set of input data the following groups of cases were analysed (see Table 5 ):
• CFD modelling of the MSFR reactor concept defined with molten salt fluid properties, calculations with and without volumetric heat generation in the core. For heat generation uniform distribution and sin(z) axial distribution was considered.
• CFD modelling of possible water-based scaled experimental models: water at 20 °C as working fluid, full scale and downscaled geometry, quarter segment of the original geometry (full scale and scaled versions), at nominal and reduced inlet water flow rates corresponding to nominal and reduced Reynoldsnumbers. Inlet flow rates were set according to the nominal value (1.05×10 6 ), and in subsequent calculations flow rates corresponding to Reynolds-numbers of 6×10 5 , 1.5×10 5 and 5×10 4 were defined. Not only the reduction of the inlet flow rates but the reduction of the size of the model was investigated. Therefore a set of calculations were carried out with 1:2 scaled models and 1:4.51 scaled geometries. In the latter case the core diameter was set to be 0.5 m. Another set of calculations were run in which we investigated, whether the modelling only one segment (corresponding to 90°) of the geometry could be used in the measurements. This segmentation would further reduce the necessary inflow and pumping power. With these calculations we analysed the effect of heat generation on the flow field inside the core, how the flow rate and size reduction affects the flow in the core region. Geometry and computational domain are shown in Figure 2 . For the steady state calculations inlet boundary conditions were set as mass flow rates (accordingly to the desired Reynolds-number), k-ε turbulence model was applied. Tetrahedral volumetric mesh included 1.36 million elements, in case of the quarter segment models the element number was 0.36 million. For the scaled cases rescaled versions of the original geometry and mesh were used. 
MSFR Calculation Results (FU100_SLT series)
A series of calculations were carried out using the molten salt properties given in Table 2 . In the core cylinder (see Figure 2 ) volumetric heat generation was defined for two cases: sinus axial profile along the vertical (z) axis (FU100_SLT_SIN) and uniform heat generation (FU100_SLT_UNI). To see the effect of neglecting heat generation and the reduction of inlet flow rates the previously defined lower Reynolds-numbers (see Table 5 ) were set for the following calculations: FU100_SLT_ZER_Re1000, FU100_SLT_ZER_Re0600, FU100_SLT_ZER_Re0150 and FU100_SLT_ZER_Re0050. Figure 3 shows the temperature and velocity distribution in the X-Z symmetry plane for calculation FU100_SLT_SIN_Re1000. A zone of higher temperature can be seen at the perimeter of the core, which is generated by the recirculation of the fuel salt near the wall. Qualitative and quantitative analyses (see Figure 4) of the flow field show that near the wall above the inlet nozzles downward flow develops, in the centre of the core the fluid passes with higher velocity. Velocity and axial velocity component profiles were extracted along monitor lines located at H/4, H/2 and 3H/4 (where H is the core height equals to 2.255 m) in two symmetry planes (shown in Figure 2 ). These velocity profiles show that the definition of heat generation does not influence the flow field in the core (see Figure 4a and 4b) and it is basically determined by forced convection. Therefore for further comparisons FU100_SLT_SIN_Re1000 and FU100_SLT_ZER_Re1000 were selected as reference results. 
Figure 4a Velocity distributions along monitor lines CS1 (H/4), CS2 (H/2) and CS3 (3H/4)
Velocity distributions shown in Figure 5a and 5b indicate that the reduction of the inlet flow rates to Re=6×10 5 , 1.5×10 5 and 5×10 4 does not influence the shape of the velocity profiles and the general nature of flow inside the core. Values in Figure 5 are normalized to the maximum values of the given distribution. It is also visible that the recirculation region -with downward flow, i.e. negative axial component values -is limited within the outer 10 percent of the diameter of the core. These results suggest that in nominal case the forced flow rate defines the flow distribution within the core and heat generation modelling might be neglected. It is also suggested by these results that reduction of flow rate -keeping it in the highly turbulent regime -will not alter the results significantly. 
Figure 4b Axial velocity component (W) distributions along monitor lines CS1 (H/4), CS2 (H/2) and CS3 (3H/4)
Our objective is not only to reduce the necessary inlet flow rate (and pumping power) but to downscale the geometry and carry out experiments using water as working fluid. Calculations for these case are discussed in the following sections. In order to examine the feasibility of a resized water-based model of MSFR calculations were carried out simulating water as working fluid. Series of calculations were done for each size (1:1 original, 1:2 scaled and 1:4.51 scaled) with nominal and reduced Reynolds-number as described in Section "Set of Analysed Cases". Selected results presented in Figure 6 In order to further reduce the necessary water flow rates for a possible experiment calculations were carried out simulating only one quarter segment of the original geometry. Series of simulations were done for each size (1:1 original, 1:2 scaled and 1:4.51 scaled) with nominal and reduced Reynolds-numbers as described above. Results show that in the inner regions of the model, further away from the vertical bounding walls and away from the corner where the walls are connected flow behaviour is not affected by the walls. Influence of the corner is limited only to a narrow region near the corner. Wall effects can be neglected if we only investigate the flow between the four pair of nozzles, the similarity is even stronger when only the region between the two inner nozzle pairs is considered (Figure 9 a-d) . Significant difference between the flow distribution in the quarter segment models and the full model only appear close to the vertical walls and their junction at the centre. The general profile of the flow at different elevations are well reproduced with the segmented geometry even at reduced dimensions (namely calculation series Q1050_WAT and Q1022_WAT) and inlet flow rates. The shapes of the velocity profiles are in good agreement, however it can be observed that the velocity (axial component) decrease toward the cylindrical wall of the core region increases with smaller models, but significant difference is limited to a region defined by about a maximum of 10% of the radius. It is also clear that the inner region closest to the corner (connections of vertical boundaries) does not represent well the flow behaviour of the original model, and will have to be neglected in case of scaled and segmented water based experiments
CONCLUSIONS
Based on the properties of the single region homogeneous molten salt reactor concept MSFR results of preliminary CFD calculations carried out for the support of the design of a possible small-scale experimental mock-up were presented and discussed. In the paper we summarised the main properties and limitations of existing scaled and water-based experimental facilities that model power reactors, including the mock-ups constructed during the design phase of the Molten Salt Reactor Experiment programme at Oak Ridge National Laboratory. Based on the experience with these test facilities CFD models were built and calculation results were presented in order to examine the possibility to build a water-based, scaled and segmented experimental model of the MSFR concept. The purpose of such a mock-up would be to carry out PIV measurements to determine velocity distribution and flow behaviour in the core. On one hand it would help to validate and enhance CFD models built for the evaluation of the MSFR, and on the other hand it would help to identify important phenomena or particular regions of the concept where design improvements may be considered.
Results of the calculations presented in the paper indicate that a limited reduction of flow rates -maintaining it over Re~10 4 in order to stay in the fully turbulent regime -and the scaling of the geometry will not affect significantly the flow field in the core region, and velocity fields could be reproduced with water as fluid and with neglecting volumetric heat generation in the core. The selected results presented in the paper show that a quarter segment of the original geometry can be representative for the bulk of the flow, with marginal regions near walls to be left out of consideration.
Based on these analyses and considerations a scaled model of the MSFR is going to be designed and built, possibly with a diameter of the core region not greater than D=0.5 m and a reduced water flow rate corresponding to a Reynolds-number between 5×10 4 -5×10 5 . Particle image velocimetry measurements on this experimental model will provide the opportunity to validate CFD models aiming to analyse the MSFR design and to experimentally investigate specific problems or phenomena -inlet geometry, effect of internal structures, mixing -in the MSFR design.
